Raman spectroscopy is a vibrational spectroscopic technique that is more specific to molecules than other spectroscopic techniques such as reflectance or fluorescence. But because the Raman signal of tissue is intrinsically weak, it previously required long integration times to acquire a single Raman spectrum. With technical advancements, the integration time has been reduced to <1 s, paving the way for translating the technique from the laboratory to a clinical setting. [1] [2] [3] [4] The method has now been widely used for noninvasive in vivo investigation of skin cancers, [1] [2] [3] [4] [5] [6] breast cancers, 7, 8 cervical cancers, 9,10 lung cancers, 11, 12 colon cancers, [13] [14] [15] gastric cancers, 16 and oral cancers. 17, 18 For example, a recent large-scale clinical study carried out by our group demonstrated that real-time Raman spectroscopy can be used to distinguish malignant from benign skin lesions with sensitivity of 90% and specificity of 66%. 3 However, one challenge facing the operator and patients is that either the Raman signal is acquired in a dark room environment or the ambient room light has to be completely blocked from entering the probe 18 because the ambient room light interferes with the Raman signals. However, the dark room environment is inconvenient for both the operator and the patient, and both methods make it difficult to precisely locate the target.
For traditional Raman spectrum measurement, the charge coupled device (CCD) dark-noise and ambient background are usually measured before every measurement and then are sequentially subtracted immediately after the CCD readout. 2 However, this procedure cannot completely remove the effect of an ambient light source because the amount that leaks into the Raman system depends on the position, angle of the probe, and varying shadows of moving subjects in a clinical setting. Another limiting factor of this approach is that the CCD dynamic range is limited. The ambient background will reduce the maximum signal that can be measured even if it can be completely subtracted. Another method to remove the ambient background is the shifted excitation Raman difference spectroscopy (SERDS). [19] [20] [21] [22] In SERDS, the sample is excited with two wavelengths that are shifted by a few nanometers and the spectrum is the difference of the two measurements, where the ambient background is removed by subtraction. However, this technique also has a number of limitations: (1) The ambient signal may be different during the two measurements and thus complete removal is impossible; (2) The associated tissue fluorescence background may not be completely removed due to the photobleaching effect; (3) Because there are two measurements in quick succession in SERDS, the amount of energy delivered in each measurement has to be reduced to approximately half the maximum allowed for a single measurement for safety reasons. This restriction decreases the signal-to-noise ratio by twofold; (4) The maximum allowable Raman signal is reduced, which decreases the signal-to-noise ratio, because each detector has a limited dynamic range. Therefore, it is preferable to completely prevent the ambient light from entering into the system either in a traditional Raman or a SERDS measurement.
On this note, we present a method to implement Raman measurement under ambient illumination with visible light that is optically filtered of near infrared (NIR) wavelengths. Its application was demonstrated in skin Raman measurement under 785-nm excitation. The 785-nm laser is the most commonly used laser source for biomedical Raman applications. It has a number of advantages: (1) The light at this wavelength penetrates deeper into the tissue than shorter wavelengths; (2) the fluorescence background of tissue at this excitation wavelength is relatively weaker than shorter excitation wavelengths; and (3) the Raman quantum yield of the tissue at this excitation wavelength is higher than that of longer excitation wavelengths.
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The in vivo clinical Raman system demonstrated in this work has been reported elsewhere. 1, 2 It is comprised of a 785-nm diode laser, a fiber delivery system, a hand-held probe, and a spectrograph and detector system. The 785-nm laser beam is delivered to the Raman probe through a 200-μm-core diameter single fiber and illuminates a 3.5-mm diameter skin area. The raw signal from the sample is collected by the probe and transmitted to the spectrometer through a fiber bundle for spectral analysis. The integrated software contains all calibration procedures and real-time data processing, including intensity calibration and fluorescence background removal according to the Vancouver Raman algorithm with a fifth-order polynomial fitting. 23 Such a system performs very well in a dark operating environment. 2 In order to filter the ambient light, we investigated the spectral properties of a number of light sources that may be part of the ambient light during clinical Raman measurement, including indirect day light, fluorescent lamps, liquid crystal display (LCD) monitors, cathode ray tubes (CRT) monitors, light-emitting diode (LED) monitors, and many types of white LED lamps that are commercially available, including phosphor-based and red-green-blue (RGB) diode-based white LED lamps. Figure 1 shows the spectra of these sources, and for illustration purposes the spectra between 750 and 900 nm were amplified. It can be seen that all these sources have visible and NIR emissions. Day light, fluorescence lamps, LCD monitors, and CRT monitors have very sharp emission peaks in the Raman signal range (800 to 910 nm), which are very difficult if not impossible to completely remove once they begin leaking into the Raman system. In contrast to the above sources, LED monitors and white LED lamps have much weaker and smoother NIR emissions. It is expected that even if there is some leakage of an LED monitor or white LED lamp into the collection arm, these leaked signals may be removed the same way as tissue fluorescence background is removed.
23 Figure 2 shows the Raman spectra of a palm skin when these sources act as ambient lighting. It can be seen that the daylight has a profound effect on the Raman spectrum because it has many absorption lines and emission peaks in the spectral range. The Raman spectrum of palm skin under indirect sunlight is significantly different from that of palm skin in the dark (no ambient light). The Raman spectrum of palm skin also shows a number of spurious peaks under fluorescent lamp or LCD monitor illumination (highlighted by arrows). The CRT monitor causes a spurious peak around 700 cm −1 . No obvious spurious peaks are identified under white LED lamp or LED monitor illumination.
As noted from Figs. 1 and 2, only white LED lamp and LED monitor as ambient illumination sources do not obviously interfere with the Raman measurements. However, these commercially available white LED-based light sources also have weak and smooth emissions in the NIR region as shown in Fig. 1 . Therefore, a broad band-pass filter has to be used so that the visible light can be transmitted while the NIR emissions can be blocked. The long-pass filter in the signal collection path also has to be carefully designed so that the visible light can be rejected. Figure 3 shows the transmission properties of the multiple-filtering system, including the broad band-pass filter, the long-pass filter, and the narrow band-pass laser-line filter. The broad band-pass filter (FSR-BG39, Newport, California), placed in the LED light source, passes through all the visible light and blocks all the NIR light that is longer than 700 nm for illumination. The long-pass filter (BLP01-785R-25, Semrock, New York), placed in the Raman signal collection path, blocks all the visible light and NIR light that is less than 785 nm, and passes through all the NIR light that is longer than 785 nm for the Raman spectrum measurement. Otherwise the visible component entering the spectrometer may generate second-order signals that will also interfere with the Raman signals. The narrow band-pass laser-line filter (LL01-785-12.5, Semrock, New York), placed in the Raman excitation path suppresses the laser side bands and emissions from within the fiber. Figure 4 demonstrates the tested results of this design measured directly under a white LED lamp as the worst case scenario. Figure 4(a) shows the emission spectra of the LED light source with/without the designed broad band-pass filters. Figure 4(b) shows the LED light leaked into the Raman system with/without the broad band-pass filters. Note that without the designed broad band-pass filter, the emissions from the white LED lamp have weak signals in the NIR region that are leaked into the collection path [dashed line in Fig. 4(b) ]. Although the NIR emission of the white LED lamps may be removed by the Vancouver Raman algorithm, 23 the effect is still profound as the dynamic range of the CCD detectors are limited. In an ideal situation, the NIR emissions of the white LED lamps should be completely blocked. With the designed broad band-pass filters, the NIR emission of the white LED lamp is sufficiently suppressed and there is no light leaked into the collection path [solid lines in Fig. 4(b) ]. Therefore, by this design, the visible part of the white LED light passes through the broad band-pass filter for illumination [solid lines in Fig. 4(a) ], whereas the NIR part is completely blocked from the Raman system [solid lines in Fig. 4(b) ]. The filtered white LED illumination light and the laser light are completely blocked by the long-pass filter [solid lines in Fig. 4(b) ]. Figure 5 shows the Raman spectra of a reflectance disk (SRS-99-020, Labsphere, North Sutton, New Hampshire) and palm skin in vivo with and without the multiple-filtered LED as ambient illumination. All the spectra are measured with an integration time of 1 s. We can see that there is essentially no difference between the two spectra of the reflectance disk with or without the designed LED illumination. Due to noise and biological variability, the two spectra of palm skin show trivial differences that are statistically insignificant based on an F-test of variance (p ¼ 0.4591).
In summary, we proposed a method and designed a multiplefiltered LED-based light source for clinical Raman measurement. The critical components of the system are the filtered LED sources and the multiple-filters for the illumination and signal collection. Experimental results demonstrated that Strong spurious peaks are truncated and all spectra are shifted for illustration purpose. Fig. 3 Design of the multiple-filtering system. The broad band-pass filter is used to filter the illumination LED light source; the narrow bandpass filter is used to reject the side bands of the laser line and emissions from within the delivery fiber, and the long-pass filter is used to reject visible LED light source and laser line. clinical Raman spectrum could be measured in an illumination environment by the multiple-filtered light source without interference. The principle to implement Raman measurement with ambient illumination is that the emissions of the illuminating light source in the Raman wavelength-range should be completely blocked. The ambient illuminating light source should not be leaked into the signal collection path. We tested a number of light sources and found that only LED monitors and white LED light sources could be effectively filtered for the purpose of ambient illumination in clinical Raman measurement. The intensity of the filtered LED source is similar to that of a regular fluorescent lamp. It cannot be too intense so as not to generate side effects such as tissue fluorescence that bypasses the designed multiple filters. It can be placed on the ceiling or a table in the clinical room. There are no added complications or side effects for patients. With the same principle, a multiple-filtered LED light source can be used for other Raman measurement, such as guiding the probe in an endoscopic application.
